Mechanical thrombectomy using retrievable stents or stent retriever devices has become the mainstay of intra-arterial therapy for acute ischemic stroke. The recent publication of a series of positive trials supporting intra-arterial therapy as standard of care for the treatment of large vessel occlusion will likely further increase stent retriever use. Rarely, premature stent detachment during thrombectomy may be encountered. In our multicenter case series, we found a rate of detachment of less than 1% (n = 7/1,067), and all were first-generation Solitaire FR devices. A review of the US Food and Drug Administration database of device experience yielded 90 individual adverse reports of detachment. There were 82, 1 and 7 detachments of Solitaire FR (first generation), Solitaire FR2 (second generation) and Trevo devices, respectively. We conclude with a brief overview of the technical and procedural considerations which may be helpful in avoiding this rare complication.
Introduction
There are several techniques which can be employed in the endovascular management of acute ischemic stroke (AIS). A recent analysis of the National and Nationwide Inpatient Sample showed an increased trend toward the utilization of mechanical thrombectomy and a decline in mortality following its use [1] . Mechanical thrombectomy has emerged as the main treatment for large vessel occlusion, in addition to intravenous therapy in eligible patients. A variety of devices are available to this end. Most recently, the use of retrievable stents or stent retrievers has become the mainstay of intra-arterial (IA) therapy for AIS [2] .
Initially designed as detachable stents for aneurysm coiling, the potential for thrombectomy was realized through off-label use. Stent retriever deployment within the target clot of an occluded vessel results in entrapment of the thrombus by the stent struts. The stent is then withdrawn into a proximal catheter, and the enmeshed thrombus is extracted from the vessel.
In 2012, the US Food and Drug Administration (FDA) granted market clearance to two stent retriever devices after the reported results of the SWIFT and TREVO 2 trials, which demonstrated that stent retrievers had superior recanalization rates and improved functional outcome compared to the MERCI Retriever device (Concentric Medical, Mountain View, Calif., USA) [3, 4] .
The MR CLEAN trial was the pivotal trial reporting improved outcomes with IA therapy compared to standard medical care in AIS. Stent retriever devices were used in 81.5% of patients assigned to the endovascular treatment group in this trial [5] . The recent results of other IA trials using stent retriever devices further support endovascular therapy as the standard of care in AIS [6] [7] [8] [9] . The reported rates of complications for stent retriever mechanical thrombectomy are low. Commonly reported complications include blood vessel injury, embolization to a new vascular territory and symptomatic intracranial hemorrhage. Although not included in any of the published IA stent retriever thrombectomy trials, the complication of stent detachment has also been reported [10] . It is likely that demand for IA therapy and the subsequent use of stent retrievers are on the rise [11] . As such, the potential for device-related procedural complications is important for any stroke interventionalist to consider.
We present a multicenter study of stent retriever detachments and the results of an online search of the FDA device experience database for reports of inadvertent stent retriever detachment. A review of the literature for similar cases is also provided. To conclude, we make a brief technical note which may serve to prevent this rare complication.
Methods
From January 2012 to March 2015, we reviewed consecutive cases of stent retriever thrombectomy performed at 11 centers in the USA and Canada. The number of stent retriever detachments per total number of stent retriever thrombectomy cases was recorded. When available, the operators provided a brief description of the circumstances that led to stent retriever device separation. Our study was approved by the institutional review board at each site when applicable. A search of the FDA Manufacturer and User Facility Device Experience (MAUDE) database was also conducted for reports of stent retriever experience from January 1, 2012, to December 31, 2014. The MAUDE database houses mandatory and voluntarily submitted medical device reports from August 1996 to the present [12] . The search was performed using the search terms 'Solitaire FR' and 'Trevo'. Each FDA report was reviewed for mention of stent detachment, separation or fracture. When available, procedural details and timing of detachment were recorded.
Results
In our study, there were a total of 1,067 cases of stent retriever mechanical thrombectomy. Stent retriever detachment occurred in 7 patients (0.66%). The characteristics of the patients are provided in table 1 . Two of the detachments were attributed to device ensnarement in an existing stent during attempted device retrieval. One device was successfully recovered using a second mechanical thrombectomy device ( fig. 1 ).
The FDA MAUDE database search yielded 166 individual reports of adverse stent retriever device experience ( fig. 2 ). Limited information was available regarding procedural details, management and outcome. Stent detachment was documented in 90 reports (54%). There were 97 reports of first-generation Solitaire FR device experience, and 82 detachments were described; 6 detachments were attributed to entanglement in a more proximal stent. The timing of detachment (in regard to the number of attempted retrieval passes) was documented in 28 reports ( fig. 3 ) ; 13 reports included mention of attempts to remove the detached stent, employing a wide range of techniques: use of a micro-snare device, manual aspiration and a second mechanical thrombectomy device. There were 12 second-generation (Solitaire FR2) device reports, and 1 detachment was reported. This was attributed to stent separation when the device was caught in the balloon guide catheter during retrieval.
Our search of the MAUDE database for the Trevo device yielded 64 records, narrowed down to 57 unique reports. In these, stent detachment or fracture was documented for 7 patients (12.3%). There were 5 reports of Trevo device detachment attributed to device entanglement in a proximal carotid stent.
Among the total of 166 reports, there was 1 extracorporeal stent retriever detachment, resulting from the selection of an inadequately sized microcatheter. In the MAUDE database, the percentages of medical reports related to detachment by stent retriever device were: Trevo, 12.3% (n = 7/57); Solitaire FR, 84.5% (n = 82/97), and Solitaire FR2, 8.3% (n = 1/12).
Discussion
Our cases of detachment featured the original Solitaire FR, the first stent retriever device to gain FDA approval. The Solitaire FR was initially developed for use in intracranial aneurysm treatment, designed for precise stent placement to bridge wide-necked aneurysms for coiling, and features a detachment zone permitting electrolytic, controlled detachment after deployment. However, the device's relatively low radial force, high flexibility, thin wall and ability to be retrieved and repositioned allowed its use in thrombus retrieval [13] .
The Trevo XP ProVue device (Stryker Neurovascular, Fremont, Calif., USA) was developed for thrombectomy in AIS, featuring broad stent struts with an endoluminal orientation for optimal thrombus interaction. The device is radiopaque for easier visualization during deployment and retrieval [14] . Our multicenter case series of consecutive stent retriever thrombectomies yielded a low rate of stent retriever detachment (0.66%). Operator reporting of device experience in the MAUDE database is voluntary and therefore unlikely to include all events of stent detachment. Even accounting for the possibility of underreporting, stent retriever detachment appears to be a rarely encountered complication. A retrospective multicenter analysis of early postmarket experience with the Solitaire FR device disclosed no instances of device detachment [15] . Furthermore, events of stent detachment were not collected in the North American Solitaire Stent Retriever Acute Stroke (NASA) or TREVO Stent-Retriever Acute Stroke (TRACK) registries [16, 17] .
There is scant literature on the premature detachment of stent retriever devices. Few publications on device experience report incidence rates of stent detachment. Gascou et al. [10] reported 2 stent detachments in 144 cases of mechanical thrombectomy. Both stents were left in place and managed conservatively with long-term antiplatelet therapy. Dorn et al. [18] shared their single-center experience with the Solitaire FR device in 108 recanalization procedures, reporting only 1 instance of stent retriever detachment. Another report of 26 patients disclosed 2 detachments, with 1 reportedly due to stent retriever entanglement in a proximal carotid stent [19] .
Technical Considerations
A brief review of stent retriever deployment techniques and the contributing factors that may have led to detachment in our case may help others avoid this complication in the future. The stent retriever device is introduced after positioning of the delivery microcatheter distal to the occlusive thrombus. The stent retriever is then deployed into the clot by unsheathing the microcatheter.
In our center's case ( fig. 4 ) , the delivery microcatheter may have been inadequately anchored over the detachment zone on the final pass, possibly contributing to the stent detachment. It has been suggested that prolonged exposure of the detachment zone to the blood stream may result in weakening by activating an electrochemical detachment process [20] . Kwon et al. [21] conducted an in vitro study of 5 Solitaire FR stent retrievers deployed under different conditions and measured the tensile force required for stent separation. A microscopic evaluation of the devices showed separation in or around the proximal marker, not at the detachment zone.
The manufacturer's instructions for use (IFU) recommend re-sheathing the proximal marker prior to Solitaire FR device retrieval, presumably to lower the risk of separation, although a case of detachment despite these instructions has been reported [22] .
Device fatigue may have contributed to our stent detachment, which occurred on the third attempted pass. When reported in the MAUDE database, 26.6% (n = 24/90) of total detachments occurred on attempts performed after the first pass. Intuitively, with each device deployment and retrieval, stent retriever fatigue and a resultant increased risk for device detachment are likely. Adherence to the manufacturer's IFU, i.e. limiting the number of single Solitaire FR device passes to 2, may help attenuate this risk. This is especially relevant with the first-generation Solitaire FR device, as well as in patients with tortuous anatomy and calcified vessels, where an increased forward force necessary to position the stent retriever may cause excessive bending of the stent. The Trevo XP ProVue device was not manufactured as a detachable stent, and the IFU warning limits its use to 6 retrieval attempts per target vessel.
An oversized or fully deployed stent can be more resistant to being pulled back due to an increased radial force on the vessel wall, requiring greater force to retrieve the stent, which can contribute to breakage of the push wire. Incomplete unsheathing of the Solitaire FR device has been advocated as a way to minimize this risk, but this may also result in less successful clot retrieval due to a decreased clot-stent interface [20] . However, new and longer stent retriever devices are now available, permitting an increased length of the clot-stent interface. It is worth noting that it is unknown whether stent retriever detachment is more common or less common with the longer devices.
In our review of the MAUDE database, the majority of the reported device detachments were seen with the first-generation Solitaire FR ( fig. 2 ). This is a by-product of being the first stent retriever in the market and therefore representing the main part of stent retriever device experience to date.
The second-generation Solitaire device (Solitaire FR2) was given clearance in January 2014 and fully released to the market by June 2014. Unlike the first-generation device, this newer iteration is not detachable. It also features several refinements on the original device to reduce delivery friction, including a redesigned distal push wire offering a reduction in retrieval force. These improvements in design are likely to reduce the risk of premature detachment.
A minority of AIS patients may present with tandem arterial occlusions. Some may require deployment of a proximal carotid stent prior to stent retriever thrombectomy of the distal clot [23] . In our study, we noticed a number of reports of device detachment attributed to entanglement in a proximal stent. To avoid this, it may be useful to attempt to reposition the guide catheter through the proximal stent prior to retrieval, thus reducing the risk of entanglement. However, care must be taken not to dislodge the proximal stent while advancing the guide catheter through it. Another alternative is to use balloon angioplasty for the proximal occlusion just enough to permit adequate flow or access to the distal occlusion, and not deploy a proximal stent if this can be avoided.
Management
Management of this rare complication may include attempts to retrieve the detached stent. Successes using a second stent retriever device to capture the detached stent have been reported [22] . A novel use of the Trevo device in foreign-body recovery of migrated coils is also described [24, 25] . However, the risk-benefit profile of such a technique must be taken into consideration. Dragging of the stent through the vasculature may lead to further procedural complications such as arterial dissection, vasospasm and vessel perforation.
Alternatively, the detached stent retriever may be extracted surgically [26] or left in place if the vessel remains open. Balloon angioplasty of the stent may be helpful in this regard. Subsequent in-stent thrombosis and propagation of thrombus can develop and may necessitate the intraoperative use of GIIb/IIIa inhibitors, which can increase the risk of intracranial hemorrhage in acute stroke [27] .
As with any implanted intracranial stent, postoperative dual antithrombotic therapy (aspirin and Plavix) is recommended to prevent delayed thrombosis of the detached stent retriever. However, as encountered in our case, starting this therapy may be difficult in the acute setting if the patient has received intravenous tissue plasminogen activator. This may require a delay in the initiation of antiplatelet medication by at least 24 h to guard against the risk of symptomatic intracranial hemorrhage.
Conclusions
Stent retriever detachment during mechanical thrombectomy appears to be a rare complication of AIS management. Push wire fatigue and device retrieval through a proximally stented artery were most often cited as causes. Attempts to recover a detached stent should be weighed against the possibility of causing further complications.
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